The left-right model is a gauge theory of electroweak interactions based on the gauge symmetry SU(2) L × SU(2) R × U(1) B−L . The main motivations for this model are that it gives an explanation for the parity violation of weak interactions, provides a mechanism (see-saw) for generating neutrino masses, and has B − L as a gauge symmetry. The quark-lepton symmetry in weak interactions is also maintained in this theory. The model has many predictions one can directly test at a TeV-scale linear collider. We will consider here two processes (e − e − → q qqq and e − e − → µ ν qq ) testing the lepton flavour violation predicted by the model. We will also discuss constraints on supersymmetric versions of the model.
Introduction
The left-right symmetric model (LRM) has the gauge symmetry SU(2) L × SU(2) R × U(1) B−L , which is spontaneously broken to the Standard Model (SM) symmetry SU(2) L × U(1) Y at low energies [1] . The Lagrangian of the model is parity conserving in the symmetric limit. The parity violation of weak interactions observed at low-energy domain is generated dynamically via the spontaneous breaking of the gauge symmetry. This is in contrast with the SM which is parity violating by definition, and it was originally the main motivation for the LRM.
The LRM differs from the Standard Model (SM) also in another essential respect.
Yukawa couplings between neutrinos and the fundamental scalars give rise to the see-saw mechanism [2] , which provides the simplest explanation for the lightness of neutrinos, if neutrinos do have a mass. In the SM neutrinos are exactly massless by construction. The recent observations on the atmospheric neutrino fluxes by the Super-Kamiokande [3] seem to verify that neutrinos indeed have a mass. Massive neutrinos are also indicated by the observed deficit of solar neutrinos [4] and the observation ofν µ →ν e transitions in the LSND experiment [5] .
So far there has been, however, no evidence of left-right symmetry in weak interactions but everything seems to be well described in terms of the ordinary V − A currents. This fact can be used to set constraints on the parameters of the LRM, such as the masses of the new gauge bosons W ± R and Z R , associated with the gauge symmetry SU(2) R , and their mixings with the SU(2) L bosons W ± L and Z L [6, 7, 8] . Such constraints depend quite crucially on the assumptions one makes. This is true, for example, for the often quoted mass bound M W R > ∼ 1.6 TeV from the K S − K L mass difference [9] , as well as for the limit M W R > ∼ 1.1 TeV from the double beta decay [10] .
In general, the new weak gauge bosons W R and Z R mix with their SM counterparts, but the observed V − A structure of the weak force indicates that this mixing is quite small. Let us denote the heavier mass eigenstate charged boson as the superposition W 2 = sin ζW L + cos ζW R and identify the orthogonal state W 1 = cos ζW L − sin ζW R with the ordinary W boson. In the case of the manifest left-right symmetry semileptonic-decay data can be used to derive an upper limit of 0.005 on the mixing angle ζ [11] . From neutral current data one can derive the lower bound M Z 2 > ∼ 400 GeV for the mass of the new Z boson and the upper bound of 0.008 for the Z 1 , Z 2 mixing angle [7] , where Z 1 denotes the ordinary neutral weak boson.
At the Tevatron direct searches have been made for W 2 (≃ W R ) in the channels pp → W 2 → eN or µN, where N is a neutrino. In the LRM N should be identified with the heavy right-handed neutrino, since the coupling of the ordinary light neutrino to W 2 is strongly suppressed. The most stringent bound announced is M W 2 > ∼ 720 GeV [12] . It should be emphasized that this bound is based on several assumptions. It is assumed that the quark-W 2 coupling has the SM strength, the CKM matrices V CKM L and V CKM R are equal, and the right-handed neutrino does not decay in the detector but appears as missing E T . It has been argued that if one relaxes the first two assumptions, the mass bound will be degraded considerably [13] .
The Tevatron mass limit for the new neutral intermediate boson from the dimuon and dielectron decay channels is M Z 2 > ∼ 620 GeV [14] .
We have considered the linear collider [15] phenomenology of the left-right symmetric model, both with and without supersymmetry, in several previous publications [16] , and we summarized the results of our studies in the foregoing issue of this series [17] . Here we shall report the studies we have carried out since that previous summary. In Section 2 we briefly recall the basic features of the LRM. In Section 3 we will consider various processes where one can test the lepton number violation predicted by the model. The supersymmetric left-right model (SLRM) is described in Section 4 and we discuss various theoretical and phenomenological constraints on it. Section 6 is a summary.
Description of the left-right symmetric model
In the left-right symmetric model quark and leptons are assigned to the doublets of the gauge groups SU L (2) and SU R (2) according to their chirality [18] :
and similarly for the other families. The minimal set of fundamental scalars, the theory to be symmetric under the L ↔ R transformation, consists of the following Higgs multiplets:
The vacuum expectation value of the bidoublet Φ is given by
This breaks the Standard Model symmetry SU(2) L × U(1) Y , and it generates masses to fermions through the Yukawa couplings
The vacuum expectation values of the scalar triplets are denoted by
The right-triplet ∆ R breaks the SU(2) R × U(1) B−L symmetry, and at the same time the discrete L ↔ R symmetry, and it yields a Majorana mass to the right-handed neutrinos through the Yukawa coupling
where
The conservation of electric charge prevents the triplet Higgses from coupling to quarks. The Yukawa Lagrangian (6) is the origin of lepton number violating interactions, a novel feature of the LRM.
In order to have the tree-level value of the ρ parameter close to unity, ρ = 0.9998 ± 0.0008 [19] , one should assume v L < ∼ 9 GeV.
It is argued in ref. [8] that to suppress the FCNC one must require the Higgs potential to be such that in the minimum κ 1 ≪ κ 2 or κ 1 ≫ κ 2 . This requirement has the consequence that the W L , W R mixing angle ζ is necessarily small, since ζ ∼
In the general case, the charged current Lagrangian is given by
In the limit ζ → 0, the couplings of W 1 ≃ W L are similar to those of the W boson in the SM. We have assumed that the gauge couplings g L and g R associated with the symmetries SU(2) L and SU(2) R , respectively, are equal, as the manifest left-right symmetry would necessitate.
The neutral current Lagrangian is given in terms of mass eigenstate bosons by
, and the weak neutral currents are given by J 
The entries are 3×3 matrices given by
The mass of the charged lepton is given by m l = (f κ 2 + gκ 1 )/ √ 2, and therefore if f and One could consider, of course, for the leptonic final states, for example for the reaction
The reactions like e − e − → b btt that involve charged currents but not neutral currents offer however a more unambiguous test of the LRM than the leptonic processes. We prefer final states with b-quarks as the b-jets are relatively easy to identify in experiment [20] . From this point of view, the best process for a study would be e − e − → b btt. However, as will be seen from our numerical results, it will possible to measure the cross section also for the 4-jet reactions with no b-jets, as well as for the reactions with a single b-jet.
We have derived the squared matrix elements for e − e − → b btt and computed the ensuing cross sections at the collision energies √ s = 1 TeV and √ s = 1.5 TeV by means of CompHEP [21] .
In Fig. 1 we show the energy dependence of the total cross section of the process achievable limit for M W R is now about 1.5 TeV at the triplet Higgs resonance and outside the resonance about 1 TeV, a considerable improvement to the present bound. As the cross section is proportional to the mass of neutrino, the larger m ν 2 the more stringent are the ensuing constraints. Following the arguments of [20] we apply the following cuts:
each b-jet should have energy more than 10 GeV; each t-jet should have energy more than 190 GeV; the opening angle between two detected jets should be greater than 20
the angle between each detected jet and the colliding axis should be greater than 36
• ; the total energy of the event should be greater than 400 GeV. We have tested that when these cuts are imposed the following relations hold between the cross sections of the reactions with no, one and two b-jets in the final state:
These relations may be very useful as a test of the LRM.
The SM background can be suppressed to the level 4 orders of magnitude below the process rate if the proper cuts in the phase space are applied, and it can be made The interactions of the ∆ L field described above are the same for both the SM with additional Higgs triplet and for the LR-model. The analysis, presented below is therefore valid for both of these models.
In [23] the production of the singly charged Higgses in e − e − collisions was assumed to take place in pairs through a W − W − fusion. This process conserves the lepton number.
We will consider here production processes that probe the lepton number violating Yukawa In our calculations, made using the CompHEP package [21] , we have imposed the following cuts for the final state phase space: each final state particle has energy greater than 10 GeV (including neutrino); the transverse energy of each particle (including missing transverse energy) should be greater than 5 GeV; the opening angle between two quark jets should be more than 20 o ; each final state particle should have the outgoing direction more then 10 o away from the beam axis.
In Fig. 3 we present the dependence of the cross section of the process e − e − → µ ν dū 
If the mass of doubly charged Higgs is considered to be greater than 100 GeV , then
In Fig. 4b we show the dependence of the cross section on the ∆ The main SM background to the reaction e − e − → µ ν dū is due to the process [26] . Reconstructing the invariant squared mass of the muon and neutrino pair it would be possible to separate background in the cases when improved. More detailed study of this process one can find in [27] .
The supersymmetric left-right models
The supersymmetrized versions of the left-right model [28] - [37] have been actively studied in recent years. From the supersymmetric point of view, an important motivation for the left-right models is due to their gauge group. It has been noted [38, 39] 
In (12) it is assumed that the gauge symmetry is supplemented by a discrete left-right symmetry. The SU(2) L triplets ∆ L and δ L make the Lagrangian fully symmetric under L ↔ R transformation, although these are not needed for symmetry breaking, or for the see-saw mechanism.
The most general gauge invariant superpotential involving these superfields can be written as (generation indices suppressed)
The general form of the vacuum expectation values of the various scalar fields which preserve the U(1) em gauge invariance can be written as
From the heavy gauge boson mass limits the triplet vacuum expectation values v ∆ R and
contribute to the mixing of the charged gauge bosons and to the flavour changing neutral currents, and are usually assumed to vanish. As was pointed out before, in order to have the tree level value of the electroweak ρ parameter close to unity the left-triplet vacuum expectation values v ∆ L and v δ L must be small.
With the minimal field content, the only way to preserve the U(1) em gauge symmetry unbroken is to have a nonzero sneutrino VEV [29, 31] . Thus the R-parity is spontaneously broken in the SLRM with minimal particle content and renormalizable interactions.
An alternative to the minimal left-right supersymmetric model described above involves additional triplet fields, Ω L (1, 3, 1, 0) and Ω R (1, 1, 3, 0 ) to the minimal model [33] .
In these extended models the breaking of SU(2) R is achieved in two stages via an in-
In this theory the parity-breaking minimum respects the electromagnetic gauge invariance without a sneutrino VEV. The superpotential for these models contains additional terms involving the triplet fields Ω L and Ω R :
where W min is the superpotential (13) Another possibility is to add non-renormalizable terms to the Lagrangian of the minimal left-right supersymmetric model, while retaining the minimal Higgs content [39, 33] .
The superpotential for these models can be written as In addition to the lightest neutral CP-even Higgs, it has been known for quite some time [31] that the lightest doubly charged Higgs boson occurring in triplets of the SLRM may be light. The detection of a doubly charged Higgs was discussed extensively in [17] .
Also the fermionic sector of the Higgs sector and its use in identifying the model was considered in [17] . While the lightest doubly charged Higgs or its fermionic partner may offer best possibilities to identify the triplet, the singly charged chargino production may be most suitable for finding out the R-parity violation in the model [36] . Here we will first concentrate on the experimentally interesting results on the masses of the lightest neutral and doubly charged Higgs bosons, and then describe new results in analysing different processes.
The upper limit on the lightest CP-even Higgs
In the case of the SLRM we have many new couplings and also new scales in the model and it is not obvious, what is the upper limit on the lightest CP-even Higgs boson mass.
This mass bound is a very important issue, since the experiments are approaching the upper limit of the lightest Higgs boson mass in the MSSM.
A general method to find an upper limit for the lightest Higgs mass was presented in [40] . This method has been applied to the mass of the lightest Higgs, m h , of SLRM [37] in three cases: (A) R-parity is spontaneously broken (sneutrinos get VEVs), (B) Rparity is conserved because of additional triplets, and (C) R-parity is conserved because of nonrenormalizable terms. 
2 . The addition of extra triplets does not change this bound. Thus, the bound for the case (B), can be obtained from (17) by taking the limit σ L → 0. The total number of nonrenormalizable terms in case (C) is large. However, the contribution to the Higgs mass bound from these terms is found to be [37] typically numerically negligible. Therefore the upper bound for this class of models is essentially the same as in the case (B).
The radiative corrections to the lightest Higgs mass are significant. For the SLRM lightest Higgs they have been calculated in detail [37] . For nearly degenerate stop masses, 
The lightest doubly charged Higgs
Whether the lightest doubly charged Higgs is observable in experiments is an interesting issue, since this particle may both reveal the nature of the gauge group and help to determine the particular supersymmetric left-right model in question. The chances for detection depend strongly on the mass of the particle. This will be our main concern in this section, but we'll also shortly review the processes discussed more thoroughly in [17] .
There are four doubly charged Higgs bosons in the SLRM, of which two are righthanded and two left-handed. The masses of the left-handed triplets are expected to be of the same order as the soft terms. The mass matrix for the right-handed triplets depends on the right-triplet VEV. Nevertheless, it was noticed in [31] that in the SLRM with broken R-parity one right-handed doubly charged scalar tends to be light. Also, in the nonrenormalizable case it is possible to have light doubly charged scalars [34] . On the other hand, in the nonsupersymmetric left-right model all the doubly charged scalars typically have a mass of the order of the right-handed scale [42] . This is also true in the SLRM with enlarged particle content [33] . Thus a light doubly charged Higgs would be a strong indication of a supersymmetric left-right model with minimal particle content.
In The collider phenomenology of the doubly charged scalars has been actively studied, Since the left-right models contain many extra parameters when compared with the MSSM, a great advantage of the pair production is that it is relatively model independent.
The doubly charged Higgses can be produced in ff → γ * , Z * → H ++ H −− both at lepton and hadron colliders, if kinematically allowed, even if W R is very heavy, or the triplet Yukawa couplings are very small. The pair production cross section at a linear collider has been given in [43] . The cross section remains sufficiently large close to the kinematical limit for the detection to be possible.
Kinematically, production of a single doubly charged scalar would be favoured. This option is more model dependent, but for reasonable parameter range the kinematical reach is approximately doubled compared to the pair production.
